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TECHNICAL NOTE 2897

EVALUATION OF GUST RESPONSE CHARACTERISTICS OF
SOME EXISTING ATRCRAFT WITH WING BENDING
FIEXIBILITY INCLUDED

By Eldon E. Kordes and John C. Houbolt
SUMMARY

Calculation studies made by means of the analysis presented in
NACA TN 2763 to evaluate the influence that wing bending flexibility has
on the structural response to gusts are reported for three twin-engine
transports and one four-engine bomber. The manner in which dynamic
response factors for acceleration and bending moment vary with different
assumed airplane operational factors is shown. Factors investigated
include gust-gradient distance, gust shape, spanwise mass distribution,
forward velocity, altitude, and compressibility and aspect-ratioc correc-
tions. An ‘evaluation of the gust response characteristics for all four
alrplanes is given; it is found that three of the airplanes have rather
appreciable elastic-body dynamic- -overshoot effects but one does not. A
rule of thumb is suggested for judging when airplanes may be considered
rigid for discrete gust encounter. A limited correlation of some of the
calculated results with flight data is also presented.

INTRODUCTION

In many newer aircraft, the speed has become gufficiently high
and/or the frequencies of the structural modes of vibration (particularly
fundamental wing bending) sufficiently low so that the treatment of the
alrcraft as a rigid body in the design for gust loads can no longer be
considered adequate. The extent to which elastic-body dynamic effects
gshould be taken into account in design or are present when the airplane
is used as an instrument for measuring gust intensity is therefore of
great interest.

As a part of the general study being made to investigate the role
that wing bernding flexibility plays in the structural response of an
airplane penetrating a gust, several existing aircraft have been con-
sidered and calculations of the response (accelerations and bending
moments) to gust encounter of these airplanes have been made for a
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variety of assumed flight conditions. The purpose of this report is to

present the results of these calculations, since many of the trends found

are believed to be applicable to many other aircraft.

Specifically, four airplanes have been considered; three are twin-
engine transports and one, a four-engine bomber. The method of analysis
used to treat these airplanes is that given in reference 1, which con-
siders the airplane to have two degrees of freedom, vertical motion as

a rigid body and wing bending.

The calculations were made for the condition of a single gust
encounter end were divided into two phases. In the first phase the aim
was to show how the response for wing bending moment is affected by
variations in certain assumed airplane operating conditions or by dif-
ferent choices in some of the aerodynamic factors involved. Two of the
transports were used in this phase. TIn the second phase the aim was to
study how wing bending flexibility might influence gust measurements 1if
guch measurements are made with these aircraft. Flight tests made in
clear rough air with one of the tramsports and the bomber have indicated
that the measured center-line accelerations (the values commonly used in
estimating the gust intensities) can be from 20 to 28 percent greater on
the average than the true or rigid-body component of acceleration (see
refs. 2 and 3). It was considered of interest to see what discrete-gust
calculations reveal in this respect. Results for bending moment and
accelerations are first given to show the degree of flexibility of each
of the four airplanes. Then a limited correlation of the acceleration
results for the two airplanes that were flight-tested is made with the
flight data.

SYMBOLS
A aspect ratio of wing
a 1lift~curve slope
b/2 semispan of wing
Cy wing reference chord

acceleration due to gravity

H gust-gradient distance (distance to point of maximm gust
velocity), chords

Keoot ~ nondimensional bending-moment factor (M.oy = & pVUMcoKroot)
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M Mach number

Mroot incremental bending moment at wing root station
Mc0 first moment of wing.area about wing root station
Ah incremental number of g acceleration

ry nondimensional area parameter (see ref. 1)

S wing area
TG/Tl period ratio, time required to penetrate gust to point of

maximm gust velocity divided by one-fourth the natural
period of fundamentel wing bending mode, AH O

U maximum vertical velocity of gust

\' forward velocity of flight

W total weight of airplane

y distance along wing measured from airplane center line

Ve response factor for accelerations, maximm acceleration at
center line divided by maximm acceleration at nodal points
of fundamental mode

4% response factor for bending moments, maximmm inecremental
bending moment for flexible wing divided by maximum incre-
mental bending moment obtained when wing is considered rigid

Py reduced-frequency parameter, cgﬁi

Hn ' mass parameter (see ref. 1)

T bending-moment parameter (see ref. 1)

p mass density of air

1-9 function which denotes growth of 1ift on an alrfoil following

& sudden change in angle of attack (Wagner function)
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¥ function which denotes“growth of 1ift on e rigid wing entering
a sharp-edge gust (Kussner function)
y natural circular frequency of fundamental mode
Subscript:
max meximm ?
l

DESCRIPTICN OF ATRPLANES STUDIED

The three transports are herein designated as alrplanes A, B, and C,
and the bomber, as airplane D. Airplane B is a revised model of alr-
plane A; the primary changes are in the wing mass distribution and wing
stiffness, the wing plan form being the same. The spanwise variations
of weight, chord, and bending moment of ihertia for each of these air-
planes are given in figures 1 to 3. Table 1 lists the physical constants
and basic parameters that are required to treat these airplanes by the
method given in reference 1. The values of the parameters Hos My A,

LRy and LY in this teble are the values obtained when a lift-curve

slope of 2x and a midspan reference chord are used. The table also
indicates the approximate disposition of movable load (fuselage load
and fuel) that was considered in the calculations.

EFFECT OF OPERATIONAL. CONDITIONS ON BENDING MOMENT

In order to evaluate how the structural response of an airplane
penetrating a gust is influenced by wing bending flexibility, one
approach is to apply the method given in reference 1 and to investigate
how the calculated response is affected by individual variations in the !
basic parameters Hos My A, Mg Ty and H that are established

in that reference. This approach, however, has the drawback that, for
the majority of these parameters, it is difficult to attach a clear
physicel interpretation to what occurs when individual variastions are
made. A perhaps more instructive approach from the point of view of
retaining a physical insight is to consider some existing aircraft and
to examine how the calculated structural response (such as bending
moment) is affected by assumed changes in operating conditions or by
changes in the aerodynemic factors that are present in the equations
for response. Such changes may alter one or several of the aforemen-
tioned basic parameters; for example, a change in the velocity alters !
the value of A only, but a change in either the altitude or the slope

e e e —— e PR - I . C e - - g
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of the 1ift curve will cause &, simultaneous change in each of the four
parameters Hoo Hps Mg and M- The latter approach has been adopted

herein and the bending moment has been chosen as the index of the struec-
tural response.

Specifically, the factors considered have been limited to the fol-
lowlng: .

(a) Gust-gradient distance ' (d) Forward velocity
(b) Gust shape ' (e) Altitude
(¢) Spanwise mass distribution (f) Compressibility and aspect-

ratio corrections

The influence of these factors on the bending moment that is developed
during a single gust encounter has been investigated by means of air-

planes A and B. Only gusts uniform in the spanwise direction were con-
sidered and, for all but item (f), calculations were made by using the
theoretical lift-curve-slope value 2x and the indicial 1ift functions
1l -~-% and V¥ for two-dimensional incompressible flow. In presenting

Ta.

the results to follow, a period ratio ﬁg = &-XH has been introduced,
1 0

where T; is the time required for the airplane to penetrate the gust

to the point of maximum gust velocity and Ty is one-fourth the natural
period of the fundamental wing bending mode. This ratio has been ]
included because a similar period ratio, that is, the ratio of the period
of the applied force to the natural period of vibration of the structure,
has been found to be significant In response calculations of elastic
structures under dynamic loading and it was considered of interest to see
whether such a ratio has a similar significancé for structures under gust
loading.

Effect of gust-gradient distance.- In the investigation of the
effect of gust-gradient distance, airplane A (see table 1) is assumed
to fly with a veloclity of 255 mph through sine gusts of various gradient
distances. The response obtained is shown in figure L4; the lower curves
give the variation of the maximum root bending-moment factor (Kfoot)max

with gust-gradient distance H and the period ratio Tg/Ty. This fac-

tor may be used to calculate the maximum net incremental bending moment
(combined serodynamic and inertial) developed at the root from the
expression (see ref. 1)

@@root)max = %’pVUMﬁO(Kroot)max (1)
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root/max
well as for the wing considered rigid. The difference between these
two curves may be considered as a dynamic-overshoot effect; the ratio
of the ordinates of the two curves (flexible to rigid) lesds to the
curve for response factor M shown in the upper part of the figure.

(Although not shown for velues of H less than 1, this curve is found
to pass through the origin.) The results indicate that for the airplane
considered there may be a dynamic overshoot up to 25 percent for inter-
mediate gust-gradient distance but that the airplane acts essentially

as a rigid body for values of H greater than about 9 chords or TG Tl

Values of (K ) are shown for the wing considered flexible as

greater than about 4.5.

Effect of gust shape.- From time to time the question has been
raised as to the influence that gust shape has on airplane response.
In order to obtein a measure of this effect, airplane A was agein used
and was assumed to fly with a velocity of 255 mph through single gusts
having three different shapes, a sine shape, a sine? shape, and a tri-
angular shape. The bending-moment response factor obtained for these
different gust shapes, as it varies with the gradient distance and the
period ratio, is shown in figure 5. The results on the whole are not
significantly different, although it may be seen that the response curve

for the sine? gust is displaced somewhat to the right of the curves for
the sine and triangular gusts. This shift to the right is undoubtedly
due to the rather slow rate of change in gust velocity during the ini-

tial portion of the sine2 gust, and suggests, as might be expected, that

a sine® gust of a given length is roughly equivalent to a sine (or tri-
angular) gust of a slightly shorter lergth. Although these results are
for one airplane and one loading condition, similar results are expected
for other airplanes and loading conditions.

Since gust shapes do not cause major changes in the results, the
sine gust has been arbitrarily chosen for subsequent calculations in
this phase.

Effect of spanwise mass distribution.- In examining the effect of
spanwise mass distribution, airplane B was used since the fuel load
carried by airplane B is greater and extends over a greater portion of
the semispan than the fuel load carried by airplane A. For this study
the gross weight was held essentially constant and the following three
loading conditions were considered: the previous loading condition of
one-half fuselage load and one-half fuel load, the condition of zero
fuselage load and full fuel load, and the condition of full fuselage
load and zero fuel load. The results for a velocity of 255 mph are
shown in figure 6, where the three loading conditions are indicated by
schematic sketches. Figure 6(a) shows that the response factor becomes




NACA TN 2897 7

greater and remains large over an increased range of gradient distance
as the disposable load is moved outboard on the wing. These results
thus indicate that there is an appreciable change with loading condition
of the value of H at which the response curves become essentially
unity. If presented in terms of TG/Tl instead of H, however, the

results condense mich better. The response curves now all peak together
at a value of TG Tl of approximately 1.5 and, further, they all become

essentially unity (within a few percent) at a value of TG Tl of
roughly 5. The latter fact suggests that TG/Tl ‘might meke a good

index for judging whether wing flexibility has to Dbe taken imto account.
Specifically, the rule of thumb suggested is that as long as the value

of TG Tl is of the order of 5 or greater, the airplane may be treated

as a rigid body. Subsequent results will bear out this point further.

It is of interest to note that donsidering the response factor
alone may be misleading, as can be seen in figure 6(b) where the bending-
moment factor Kfooﬁ -ig given; these curves are of primary interest to

the designer since they lead to the net incremental bending moment
developed, which is the quantity required in the design for gust loads.
"The loading condition where the load is concentrated near the airplane
center line produced the critical bending moment, as would be expected,
even though it gave the lowest values of response factor.

Effect of speed and altitude.- The previous results (figs. 4 to 6)
are for a constant velocity but for a varying gust-gradient distance.
In order to obtain a direct measure of the effect of forward velocity,
some calculetions were made with all conditlions except velocity-held
constant; in order to obtain also a measure of the effect of altitude,
this velocity study was made at two altitudes. Airplane B, with loading
condition III (see table 1), was used for this part of the investigation
since the results in figure 6(b) show that this loading condition leads
to the critical bending moment. This airplane was assumed to fly at
various speeds through a sine gust of 10-chord gradient distance at sea
level and et an altitude of 25,000 feet (p at 25,000 feet was taken as

0.00107 slug/cu ft). Speeds up to 600 mph were considered and, although
these speeds may be sufficient in reality to cause flutter, it has been
assumed that no flutter troubles or magnification in response due to
nearness to flutter will be encountered. The results are shown in fig-
ure T where the bending-moment factor and the bending-moment response
factor are plotted as a function of both the velocity and the period
ratio Tq/Tl' (In order to be consistent with previous figures this

period ratio is plotted increasing to the right so that velocity
increases to the left.) The results at a speed of 255 mph for the sea-

" level condition are, of course, the same as the results shown in fig-
ure 6(a) for H = 10. ’




\

8 | NACA TN 2897

For the sea-level condition it may be noted that the extent of the
variation of Ty With TG Tl is much less than is indicated in the

previous figures and also that the maximm value of Yy occurs at a

larger value of the period ratio than before. These facts may be
ascribed to the aerodynamic damping associated with airplane vertical
motion, vwhich damping is known to be proportional to the product pV.
In the previous results the damping is constant since the velocity is
fixed at 255 mph. In this case, however, the damping increases with
increasing velocity and is always great enough to prevent large dynamic
overshoots from occurring, even in the vieinity of TG/Tl X 2 where, on

the basis of previous results, large dynamic overshoots would be )
expected. For the 25,000-foot-altitude condition, the dynamic overshoot
is always greater than at sea level - a fact which is also directly
related to the aerodynamic damping effects. This damping decreases with
altitude because of the decrease in air density, and at 25,000 feet is
small enough to allow appreciable dynamic overshoots to occur even at
the larger velocities.

It should be noted that, even though the values of M and Kroot

are greater at 25,000 feet than at sea level, the magnitude of the
bending moment obtained by equation~(l) will be larger at sea level
because of the greater air density.

Effect of compressibility and aspect-ratio corrections.- As has
been mentioned, the respomnse-factor curves shown in figure 7 and -in the
previous figures were calculated with the use of the theoretical 1lift-
curve slope and the indicial 1ift functions for two-dimensional incom-
pressible flow. In order to obtain an indication of how the maximm
bending moment is affected by compressibility and aspect-ratioc correc-
tions, response calculations for airplane B, loading condition IIT,
were repeated with various approximste schemes for taking into account
these effects. A sea-level speed of 550 mph, corresponding to a Mach
number of 0.7, was used. Again, as in the previous example, it has
been assumed that no flutter troubles or magnifications in response due
to nearness to flutter will be encountered.

The procedure used to examine the effects of compressibility and
aspect-ratio corrections was to meke response. calculations for different
choices in the slope of the 1ift curve and the indicial 1ift functions.
Because the wing reference chord is a pertinent quantity in response
studies, some calculations for different choices in this quantity have
been included for general interest along with these compressibility
studies. In all, 1k cases were considered; the indicial functions, the
slope of the 1lift curve, and the reference chord that were used in each
of these 14 cases are indicated as part of table 2.
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The 1 - @ -and V¥ functions used were normelized so as to have
an asymptotic value of unity and are shown in figure 8. With the excep-
tion of the V¥ function for A = 10, these functions were taken from
the references 1, 4, and 5 as indicated in the table. The V¥ function
for A =10 was formed by interpolation of the V¥ function given in

reference I and a good approximation to the interpolated results was
found to be

¥ 1 - 0.39e0:25 _ 0.61¢70-98

A=10

The first value listed for the slope of the 1lift curve is the theoretical
value 2n Tfor incompressib}e flow. The remaining values represent
attempts to take into account aspect-ratio and compressibility effects,
separately and jointly; the corrections involved are, respectively, the

often-used aspect-ratio correction A = the Glauert-Prandtl Mach num-

1

ber factor , and & factor which approximately takes into account

2

1-M

both Mach number and aspect-ratio effects as explained in reference k4,
A

2 + A\1 - M

The results for the various cases for the condition of flight
through a sine gust of 10-chord gradient distance are glven on the right-
hand side of table 2. By comparing the results for bending moment, a
number of points of interest may be noted. First consider the use of
different indiciel 1lift functions. With the bending-moment results
obtained with the indicial functions for M =0 and A = » &as a refer-
ence, it may be noted that the use of indicial 1lift functions for M =0
eand A =10 leads to a small difference of less than 1 percent in the
results. (Compare cases T, 8, and 10 with cases 1, 2, and 3.) The use
of the indicisl 1lift functions for M = 0.7 and A = » gives a differ-
ence that is larger but still less than 6 percent. (Compare cases 11, 12,
and 14 with cases 1, 2, and 3.) Next consider the use of different
values of the lift-curve slope. (Compare cases 1 to 3, cases 4 to 6,
cases T to 10, and cases 11 to 14.) In general, the magnitude of the
bending moment increases as the value of the lift-curve slope increases
and, more specifically, the percentage change in the bending moment is
roughly one-fourth to one-half the percentage change in the.lift-curve
slope, Now consider the use of different reference chords. The use of
the mean geometric chord yielded results which are less than 5 percent
greater than the results obtained when the mjdspan chord was used.

(Note that the absolute gust-gradient distance for cases 4, 5, and 6 is
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different from that for cases 1, Z, and 3 since the results have been
obtained on the basis of the same nondimensional gust-gradient distance
of H =10 chords.)

Although the trends just noted have been obtained for one airplane,
it is felt that they are fairly representative of airplanes having high

wing loadings.

Cases 1, 8, and 14 are of special interest since, of all the cases
treated, they represent the most nearly self-consistent selections of
lift-curve slope and indiciel 1ift functions. Thus, the results of
case 1 represent the outcome of epplying unsteady-lift theory for ideal
two-dimensional incompressible flow; the results of case 8 represent the
outcome of applying the unsteady-1ift theory for finite-aspect-ratio
incompressible flow; and the results of case 1k represent the outcome of
applying what might be considered the best available methods for approxi-
metely taking into account both aspect-ratio and compressibility effects.
Curiously enough, the bending moment for case 14 is almost identical
with the bending moment for case 1 where no corrections whatsoever are
made; how general this result may be is not known.

EFFECT OF WING FLEXTBILITY ON GUST-LOADS MEASUREMENTS

As the second phase of the calculation studies, the acceleration
and bending-moment values that result from discrete gust encounter were
determined for each of the airplanes considered herein by the method
given in reference 1. These studies were made in order to find out
what calculations of this type reveal in regard to the extent that wing
bending flexibility might alter gust measurements if such measurements
are made with these aircraft. Normally, it has been the practice to
measure acceleretions at the airplane center line and to deduce from
these accelerations the gust intensities. The argument is offered,
however, that wing flexibility may cause the accelerations at the center
line to be higher than the true (rigid-body component) accelerations,
with the consequence that the deduced gusts may be more severe than
those actually encountered. This flexibility effect has been investi-
gated experimentally by means of airplanes A and D in flights through
clear rough air (see refs. 2 and 3). In these flight investigations
accelerometers were mounted at the airplane center line and at the
nodel points of the fundemental wing bending mode. For airplane A it
was found that the accelerations recorded at the center line due to
gusts were, on the average, 20 percent grester than the accelerations
at the nodal points. For airplane D this value was about 28 percent.
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Calculated Effects

Airplanes A and B.- Airplanes A and B are considered together
since, as previously noted, airplane B is a revision of airplane A.
Loading condition I, which corresponds roughly to one-half rated pay
load and one-half fuel load, was used for both airplanes, and the condi-
tion of sine gust encounter wes assumed.

A theoretical indication of the extent to which wing flexibility
may alter gust measurements if such measurements are made with these
airplanes can be obtained by comparing the computed center-line and
nodal-point accelerations. (In the method of ref. 1, used to compute
these accelerations, the nodal-point and true airplane accelerations
are equal.) This comparison is given in figure 9(a) where the ratio Ta

of the maximm incremental center-line acceleration to the maximm
incremental nodal acceleration is plotted against the gust-gradient

distance and the period ratio TG T These results suggest that for

both airplanes there would be a substantial difference in the accelera-
tion if measured at the airplane center line than if measured at the
nodel point, at least for intermediate gust lengths. Moreover the
results indicate that this difference should be essentially the same

for both airplanes. For the larger gust lengths of the order of 10 chords
or greater or for TG/Tl of 5 or greater, very little difference between

center-line and nodal-point acceleration would be expected.

Since the bending moments developed are also of interest, espe-
cially to the designer, the bending-moment results presented previously
in figures 4 and 6 for these airplanes are compared in figures 9(b)
and 9(c). It may be seen that the bending-moment response factor ™

for airplsne B is appreciably greater than for airplane A; this fact
indicates that ailrplane B has a characteristically greater dynamic over-
shoot (at least for this loading condition). This result can be shown -
to be primarily due to the difference in mass distribution on the wings
of the two airplenes. With regard to bending moment, however, there is
not a significant difference between the two airplanes. It can be seen
from figure 9(ec) that for the loading condition considered the bending-
moment factor ZKfoot)max is nearly the same for the two airplanes;

hence, the bending moment will also be nearly the same for the two air-
planes since the factor % pVUMco in the equation for bending moment
(eq. (1)) is common to both airplanes. The stresses developed in-air-

plane B, however, will be less than in airplane A, since airplane B has °
the greater section modulus at the root station.
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Airplane C.- Airplane C has been used extensively in the collection
of statistical gust-load data by means of the NACA V-G and VGH recorders.
The date thus obtained have been reduced on the basis that the airplane
is rigid. In view of the interest in flexibility effects, it was con-
sidered desirgble to meke a gust-response analysis of this airplane as
an elastic body to obtain a theoretical measure of the extent to which
wing flexibility might have affected the measurements made in flight.
The spanwise loading conditions used, the chord and bending stiffness
of the wing, and the necessary physical constants are shown in fig-
ures 1(c), 2, and 3, and in teble 1. The results in terms of accelera-
tion response factor 1~ bending-moment response factor Yu? and

bending-moment factor (Kfoot)

that the response curves for this airplane are significantly different
from the response curves for airplanes A and B. Not only are the devia-
tions of the response curves from unity much less, but also these devia-
tions extend over only a narrow range of small gust-gradlent-distances.
The results indicate that, as long as the gust-gradient distance is
greater than 5 chords, the treatment of this airplane as a rigid body
is Jjustified.

are shown in figure 10. It is seen

A point of some significance is to be noted when the results for
this airplane are viewed 1in terms of TG/Tl. Although when viewed in

terms of gust-gradient distance airplane C is relatively rigid in com-
parison with airplenes A and B, it is not so rigid when viewed in terms
T

of TG Tl' The response cufves peek in the vicinity of Tg =2 and
1

are not unity in a practical seénse until a value of TG/Tl of approxi-

. mately 5 is reached. Thus the rule of thumb cited previously for Judging

whether or not an airplane is flexible applies even in the case of this
more "rigid" airplene.

Airplane D.- This four-engine airplane was chosen partly because
it is representative of a size much greater than those previously con-
sidered herein and partly because it has a substantial amount of mass
distributed over the wing. On the basis of the studies thus far pre-
sented, significant values of dynamic overshoot were expected. Fig-
ures 1(d), 2, and 3 show the semispan mass, chord, and stiffness distri-
butions; the airplane physical constants are given in table 1. The
results of the analysis for the airplane are presented in figure 11 in
terms of the bending-moment factor and the response factors for bending
moment and acceleration. The results are for a loading condition with
most of the disposable load in the wing and with only a small amount of
load in the fuselage, even though this loading condition does not lead

" to the most severe bending moment (see fig. 6). The effect of wing

bending flexibility on the response factor for either bending moment or
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acceleratlion is seen to be significant over a wide range of gust-gradient
distance. Appreciasble differences between center-line and nodal-point
eccelerations are therefore to be expected with this airplane if it is
used for measuring gust intensities. However, a rigid-body analysis
would appear to be satisfactory for H greater than approximately

10 chords, or, when judged on a perheps better basis, for TG/T greater

than 5. It is to be noted that the rule of thumb applies also to this
large "flexible" airplane. '

Comparison of Calculated Results With Flight Data

As has been mentioned, some acceleration measurements have been
made on airplanes A.and D while in flight through rough air, and it was
considered of interest to see whether the results obtained could be
correlated to some extent with theoretical response calculations. Theo-
retical calculations which could be compared directly with the flight-
test data reported in references 2 and 3 could not be made, however,
because the gust intensities encountered in the test flights were not
evaluated; only accelerations and wing strains were established. An
indirect comparison was therefore made as follows.

Center-line and nodal-point accelerations due to encountering dis-
crete triangular gusts of various gradient distances and various peak
gust.velocities were computed for both airplanes A and D; the gusts
were assumed to be uniform spanwise. The calculations were carried out
for each alrplane with the indicial-lift functions for A = 10, the mid-

span reference chord, and a lift-curve slope of 2=xn n i > The loading

conditions shown in table 1 were used since these loading conditions
correspond closely to the conditions used in the flight tests reported
in references 2 and 3. Theé results are shown as the radiasl lines from
the origin in figure 12, where the maximm incremental accelerstion
developed at the airplane center line is plotted against the maximum
incremental acceleration at the nodsl point of the fundemental mode,
the latter being a measure of the maximm average vertical accelerstion
of the airplane. The radial lines are for different gust-gradient dis-
tances and, in order to show the influence of gust intensity, the results
for three gust velocities, U = 15, 30, and 45 fps, are shown as points
on these lines.

The shaded bands shown in this figure represent the portions of -
the theoretical calculations that apply when a measure of empiricism
regarding realistic gust sizes is introduced. These bands were estab-
lished by considering the gust data shown in figure 13, which is a
reproduction in part of figure 11 in reference 6. The data in this
figure represent information that was gathered during flight operation
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in thunderstorms and were deduced on the basis that the gusts encountered
were trianguler in shape and uniform in the spanwise direction. An index
of the limits on gust sizes that might be encountered in practice can be
established by drawing the envelope curve for these data. The envelope
curve assumed herein is the solid curve shown in figure 13. Considera-
tion of all the gusts that are defined by this envelope curve leads to
the’ upper limit of the bands shown in figure 12. (Because the’ assump-
tions of uniform spanwise intensity and discrete gust encounter are less
plausible for the smaller gusts, the upper limit has been left blank in
the vicinity of the origin.) The lower limit is simply the curve which
defines rigid-body behavior of the airplane. Thus, in short, if calcu-
lations were made for all the gusts shown in figure 13, all the accelera-
tion values obtained would fall within the beands shown in figure 12.
Since the gusts shown in figure 13 were encountered during severe oper-
ating conditions, it is logical to expect that all gusts that are encoun-
tered in normal f£light would give theoretical acceleration values which
would also fall within these bands.

In figure 1k, & comparison is made of the bands established in this
manner with the flight data reported in references 2 and 3. Figure 1h4(a)
applies to airplane A and contains the flight data of reference 2 for
run A; figure 14(v) applies to airplane D and contains the flight data
of reference 3 for the wing-heavy, 250-mph flight condition. Unfortu-
nately most of the flight data are for small gusts (low accelerations),
out of the range where it is reasonable to expect this theoretical
approach to apply. It appears, however, that the envelope curve of the
flight data can be predicted with fair accuracy, as evidenced by the
rather nice way the flight data merges into-the calculated bands.

CONCLUDING REMARKS

In this report, results of calculated case-history studies made to
investigate the role that wing bending flexibility plays in the struc-
tural response of en airplane penetrating a gust have been presented for
three twin-engine transports and one four-engine bomber. The method of
anslysis used considers the airplane to have two degrees of freedom,
rigid-body vertical motion and fundamental wing bending.

The calculations were made for the condition of a single gust
encounter and the factors investigated included gust-gradient distance,
gust shape, disposition of movable load, forward velocity, altitude, and
compressibility and aspect-ratio corrections. The means for indicating
flexibility effects are to compare accelerations at the airplane center
line with the rigid-body (nodal point) component of acceleration and to
compare wing bending moments for the flexible airplane with the moments
obtained for the airplane considered rigid. One significant result
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obtained from these comparisons is a rule of thumb which states (on the
basis of sine gust encounter) that as long as the period ratio, the time
to penetrate the gust to the point of maximum gust velocity divided by
one-fourth the natural period of the fundamental wing bending mode, is

of the order of 5 or greater, the airplane may be treated as & rigid body.
These comparisons also indicate that three of the alrplanes have rather
appreciable elastic-body dynamic-overshoot effects but one does not.

Some of the other results indicated are: The use of indicial 1ift
functions for finite-aspect-ratio wings and for two-dimensional compress-
ible flow gave results which were less than 1 percent and 6 percent dif-
ferent, respectively, from the results that were obtained when the indi-
cial functions for two-dimensional incompressible flow were used; the
use of different values of the lift-curve slope gave & percentage change
in the root bending moment which was roughly one-fourth to one-half the
percentage change in lift-curve slope.

Also, a limited correlation of theoretical results with rough-air
£flight data showing the relation between center-line and nodal-point
accelerations indicates that an envelope for these data can be predicted
with fair accuracy. i .

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., November 20, 1952.
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TABLE 1.- ATRPLANE PHYSICAL CONSTANTS, LOADING, AND
BASIC PARAMETERS
Airplane Airplane Airplane| Airplane
A B o D

aLoa.ding
condition . . . I I IT IIT Iv \Y
W, ...... 33,470} 34,930 34,960 34,900f 24,140| 108,480
S, sq Tt 8710 870 870 8710 98T 1,739
b, In.. . ... . 560 560 560 560 570 850
B v v e e 6.28] 6.28] 6.28] 6.28 6.28 6.28
Coy 1D, o . . .. 164 164 164} 164 170 205
A. ... ... 10 10 10 10 9 11.6
V, mph . . . . . 255 255 255 255 - 210 250
p, slugs/cu £t 0.00238(0.00238]0.0023810.00238| 0.00238| 0.00238
® , radians/sec . 21.4f 20.8] 1k.9| 24.0 28.0 15.%
Hp + e e e 4.8 49.0| L49.0f 48.8 28.8 60.9
By voee e e 0.748| 1.117| 2.155| 0.787 0.262 1.130
Mo o ot e e 0.392| 0.378{ 0.273] 0.439 0.639 0.359
Ty o e e e e e 0.225| 0.206 0.167| 0.234% 0.192 0.189
Ty e e e e 0.143| 0.140| 0.133| 0.14k4| 0.096 0.129
Ty e e e . 0.457| oO.huk| o0.412| 0.462 0.367 0.4t
Mo =+ o o v e 15.94| 20.30] 29.10| 13.30 6.77 31.32
Ty e e e 2.56| 3.64] 6.16 2.53] o0.954 3.73
Mco, £t3 6,680| 6,680| 6,680 6,680 T7,320| 22,750

®1 Approximately one-half load and one-half fuel.
ITI Approximately zero load and full fuel..
IIT Approximately full load and zero fuel.
* IV Full load and one-half fuel.
V Full crew, zero load, and wing tanks full.




TABIR £.- HESULTS OF OCHERESSIPILITY AND ASFECT-RATIO STUDIES OF ATRFLAME B

[Losdtng cotition IIT; ¥ = 530 mph; ¥ = 10 chords; sins gust]
1-9 a.n&fu: functions I.iit-cm"z'a)ﬂlope, a Beference chord, og
- 1
it T P Ve o | £ 2 f(ﬁrxzwﬂi::ﬂ £20::4)31T
(ﬁa;;l(:“élg)?r:;s) 2 Tvz| B leral - Midspan chord, ['oon B2metria) eirplane | adirplave " tepiase,
and &) . *Bllabiof]| =583 | =8.97 (:eg:gﬁl 16k 1in. 112 1o,

1 - v v 0.l 0.4
2 v v v Ao .hb6
3 P v v Ay .hhé
b v v v sk .51l

5 v » v v 511 .63
6 v v v k26 499
7 v v . v’ Lho k6
8 v v v R} .503
9 v v v +3h0 - k15
P v v Jh13 R TSN

1 4 v v k2o B tc)
12 v v v g 138 R TS
v v v A33k -376
v v v 397 LA

Igvaluated for A =10 and M = 0.T.

gt

16g2 NI VOVN
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(a) Airplane A.

Fuselage lf\/vj\/\’v‘ﬁ/\]

Ib
Full 9,720

Engine
) 7,710 3330 Full fuel
ne-half —- 4, - u e
Empty [— 5,700 | \\\\\
One-half fuel
2,025 |b

e

[ Structure 2,400 Ib

AV

mlo
[ .

(b) Airplane B,

Figure 1.~ Distribution of mass along wing semispan.
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20
MA
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2970
[ ] b
Fuel
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(c) Airplane C.
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5,076
Ib | Engine { Fuyel Engine
Fuselage
9988 9950
10,500 1b b | 80 b
Fuel
2725
a Ib
Structure 9,350 Ib
1
: b
N 2
.

(d) Airplane D,

Figure |.— Concluded.
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20 Airplane

A and B

\ . _—C

~ —--D

Chord, ft

1 1 1 1 1 1 1 ] 1 |
0 2 4 ‘ ‘.6. .8 1.0

_L
b/2

Figure 2~ Variation of wing chord along semispan.
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Bending moment ' \
of inertia,
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Figure 3— Variation of bending moment of inertia dalong semispan,
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(KfOOl)mox ’ flexible

5= ———== (Krooi)rhux , rigid
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root/max Lol . ——
and . /
)’M
Sk
1 I ] 1 |
o] 2 4 6 8 10
H, GChords
L ] 1 - 1 1 ]
(o} I 2 3 4 5
I
T

Figure 4~ Effect of gust-gradient distance on (K ) . and 7, for airplane A,
Loading condition I; V=255 mph. Sine gusts,

1,5¢
7,
Mo
- Gust shape
S Sine
— — —- Triangular
—-— Sin
0 2 3 6 5 '
6 8 10
. H, Chords
L 1 L 1 1 ]
0 4 5

Ts
T NAGA,
Figure 5.~ Effect of gust shape on Y 98 obtained for girpiane A, Loading
condition ‘I; V=255 mph,
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Figure 6 — Effect of distrlbution of movable load on (Kl.nm)mch and Tu °® obtained for alrplane B.

(b) Bending - moment factor,
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. Altitude
1.5 Sea level
——— 25,000 ft
. T T 7
(Kroot) max 1O =M
and
v ————
SF Kroot
0 . ! 1 1 1 1
® 1000 600 400 300 250
' Vv, mph
1 1 1 L [ 1 |
0 l 2 3 4q 5 6
Ts
T

Figure 7.~ Effect of speed and altitude on (K.} . and Yy O obtained for

airplane B. Loading condition I . Sine gust; H=10 chords,
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(a) 1-¢ function.

Half- chords

s,

(b) y function.

Figure 8.~ Unsteady - lift functions.
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Figure 10~ Variation of (Kroof)max s Vs and A with gust-gradient distance

girplane C. Loading condition I ; V=2I0mph. Sine gusts,
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Figure 11~ Variation of (Kmm)mmt S AP and 7, with gust-gradient  distance

girplane D. Loading condition X ; V=250 mph., Sine qusts.
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(a) Airplane A with loading condition I,
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(b) Airplane D with loading condition X .

Figure 12 .~ Gomparison of calculated cén’rer-line accelerations with calculated nodal-point
‘ _accelerations for airplanes A and D,
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Assumed envelope

60

40

U, fps

20

Figure 13,~ Data obtained during flight in thunderstorms. (See ref. 6.)
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(a) Airplane A, (Run A, ref. 2,)
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(b) Airplane D. (Wing-heavy, 250-mph flight condition, ref. 3,)
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Figure 14~ Gomparison of acceleration values established in rough - air flight
with calculated values.,
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